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We show theoretically that the intrinsic (phonon-limited) carrier mobility in graphene nanoribbons is
considerably influenced by the presence of spin-polarized edge states. When the coupling between opposite
edges switches from antiferromagnetic to ferromagnetic with increasing carrier density, the current
becomes spin polarized and the mean free path rises from 10 nm to micrometers. In the ferromagnetic state,
the current flows through one majority-spin channel which is ballistic over micrometers and several
minority-spin channels with mean free paths as low as 1 nm. These features predicted in technology-
relevant conditions could be nicely exploited in spintronic devices.
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Graphene nanoribbons (GNRs) [1,2] are very attractive
for electronic [3–7] and spintronic [8–14] applications, but
the reported carrier mobilities are scattered over four
decades [4–6,15–20]. Indeed, the effects of quantum
confinement depend not only on the lateral width of a
GNR but also on the geometry of its edges, which can be
armchair [Fig. 1(a)], zigzag [Fig. 1(b)], or a mixture of
both, according to its orientation [1]. Tight-binding (TB)
calculations in a single-particle picture predict that
armchair GNRs are semiconducting, while zigzag GNRs
are metallic but host peculiar flatband edge states [1]. These
flat bands, when partially filled, are unstable upon
electron-electron interactions. Various models [21–23] thus
consistently predict magnetically ordered phases in zigzag
GNRs, with spins aligned along the edges (Fig. 1).
Depending on the ribbon width and carrier density,
the coupling between opposite edges can be antiferromag-
netic (AF), which opens a gap in the band structure,
or ferromagnetic (F). This behavior has been experimen-
tally observed at room temperature and is well reproduced
by TB calculations in which the electron-electron
interactions are described by a mean-field Hubbard
model [24].
Here, we present calculations demonstrating that the

spin-polarized edge states considerably influence the pho-
non-limited mobility and mean free path (MFP) in zigzag
GNRs. At the AF → F transition, the current indeed
becomes spin polarized, and the MFP rises from 10 nm
to micrometers. In the ferromagnetic state, the current
actually flows through very distinct modes: one channel for
majority-spin electrons which is ballistic over micrometers,
and several channels for minority-spin electrons with MFPs
as short as 1 nm. Minority-spin electrons can thus be
efficiently filtered out from the current in long enough
nanoribbons. Our work also sheds new light on recent
experiments on epitaxial GNRs [20], suggesting that the

two observed transport channels can be associated with
different spins.
We consider GNRs described by the mean-field Hubbard

TB model of Ref. [23]:

H ¼
X

i
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where ĉ† (ĉ) is a creation (annihilation) operator, and n̂i;σ ¼
ĉ†i;σ ĉi;σ is the number of electrons with spin σ ¼ ↑ or ↓ on
site i. Ei is the on-site energy of the pz orbital pi, and ti;j is
the nearest-neighbor hopping energy between pi and pj,
which depend on bond lengths as in Ref. [25]. U ¼
3.24 eV is the Hubbard potential [24]. The band structure

FIG. 1. (a) A 1-nm-wide armchair GNR. (b) Magnetization
in a 1-nm-wide zigzag GNR in the antiferromagnetic state
(n1D ¼ 1 × 106 cm−1, T ¼ 300 K). (c) The same in the
ferromagnetic state (n1D ¼ 7 × 106 cm−1). (d) Magnetic state in
zigzag GNRs versus ribbon width W and carrier density
n1D (T ¼ 300 K).
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and spin densities are self-consistently computed from
Eq. (1). Among the multiple solutions, which correspond
to different magnetic states, we choose the one that
minimizes the free energy. By convention, the majority
spin in the F state is the spin up (↑).
We then solve exactly the linearized Boltzmann equation

for the phonon-limited conductivity σ and mobility μ. The
phonons are computed with a fourth-nearest-neighbor
force-constant model, and the scattering matrix elements
from the derivatives of the TB Hamiltonian with respect to
the atomic positions. Details can be found in Ref. [25]. In
graphene, the calculated conductivity is in excellent agree-
ment with experiments [26] and ab initio data over a wide
range of carrier density and temperature [27].
We also compute the ballistic conductance Gb ¼

−ðe2=hÞ R dETðEÞ∂f=∂E, where fðEÞ is the Fermi-
Dirac distribution function and TðEÞ is the ballistic trans-
mission coefficient (see Fig. 3 of the Supplemental Material
[28]). The MFP l0↑ is then defined as the ribbon length
where the phonon-limited conductance σ↑=l0↑ of spin-up
electrons is equal to the ballistic conductance Gb↑ (and the
same for spin down). In order to interpret these composite
values, we also define the MFP in each band, lmp;k;σ ¼
2jvp;k;σjτp;k;σ, where vp;k;σ is the group velocity, τp;k;σ
the relaxation time, k the wave vector, and p the band
index.
The magnetic state of a zigzag GNR depends on the

GNR width W, the carrier density per unit length n1D (or
equivalently the areal density n2D ¼ n1D=W), and the
temperature T [Fig. 1(d)] [23]. At T ¼ 300 K, the magnetic
state of a narrow ribbon (2 ≤ W ≤ 4 nm) follows the
sequence AF → F → paramagnetic (P) when n1D
increases. There is an extra oscillation between the AF
and F states in wider GNRs, and an additional ferromag-
netic state with broken symmetry (Fb) in the narrowest
ones. Similar phase diagrams are obtained at T ¼ 0 K and
T ¼ 77 K (Fig. 1 in the Supplemental Material [28]). At
lower temperatures, the Fb phase is more ubiquitous, and
the first transition from AF to F, as well as the transition to
the P state, occur at lower carrier densities than at
T ¼ 300 K.
Figure 2 shows typical band structures near the Fermi

level of the AF and F states. Band structures on a larger
scale are plotted in Fig. 2 of the Supplemental Material
[28]. A band gap only exists in the AF state and vanishes at
the AF → F transition. In agreement with the experiments
of Ref. [24], we recover this transition at about W ¼
7.5 nm for n2D ¼ 2.9 × 1012 cm−2 [Fig. 3(a)]. Our calcu-
lations demonstrate that the magnetic state has a huge
impact on the transport properties. When W increases, the
phonon-limited carrier mobility raises abruptly by 2 orders
of magnitude (103 to 105 cm2=V=s) at the AF → F
transition [Fig. 3(b)]. Before the transition, the mobility
is proportional to W3.2. Interestingly, such a power law
dependence has already been found in semiconducting

zigzag carbon nanotubes [25,29], but here the gap is
induced by the magnetic coupling between the edges. At
the AF → F transition, the mobility jumps near the value
in graphene [25]. Similar trends are found for a larger
density n2D ¼ 20 × 1012 cm−2 (Fig. 6 in the Supplemental
Material [28]).
Similarly, the AF → F transition can be induced by

increasing n2D. This also enhances the carrier mobility
tremendously [Fig. 4(a)]. In a 5-nm-wide zigzag GNR, μ
increases by about 2 orders of magnitude at the AF → F
transition around n2D ¼ 6 × 1012 cm−2 (T ¼ 300 K). The
oscillation between the AF and F states at larger carrier
densities also has a huge impact on the mobility, e.g., at
the F → AF transition near n2D ¼ 32 × 1012 cm−2. The
variations of the mobility are nonetheless smaller at
large n2D’s because the Fermi level is far above the
bottom of the edge state bands (see Fig. 7 in the
Supplemental Material [28]). When the edge state bands
are completely filled, the GNR goes into the P state. The
mobility then peaks when the Fermi level lies between the
edge states and the next conduction bands (near n2D ¼
60 × 1012 cm−2 in a 5-nm-wide zigzag GNR). These huge
variations of the mobility are highlighted here at
T ¼ 300 K, for technology-relevant carrier densities, in
situations where the changes of the ballistic conductances
[Fig. 4(b)] are much smaller, even if they are not
negligible [9,11].

FIG. 2. Room-temperature band structures and scattering rates
in a 5-nm-wide zigzag GNR. (a1)–(a3) Close-up near the Fermi
level μ in the AF state (n2D ¼ 5 × 1012 cm−2). The scattering
rates from a given initial state, marked with a cross, are plotted on
top of the band structure. They are proportional to the diameter of
the dots (see the scale in each panel). The green (pink) dots
label the possible final states after phonon emission (absorption).
(b1)–(b3) The same in the F state (n2D ¼ 20 × 1012 cm−2). Spin-
up (-down) bands are shown in blue (red). Relevant spin
distributions and wave functions are shown in Figs. 4 and 5
of the Supplemental Material [28].
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These results suggest that the MFP of the carriers
depends considerably on the magnetic state. For a 5-nm-
wide zigzag GNR in the AF state [n2D < 3 × 1012 cm−2,
Fig. 4(b)], the MFP is about 15 nm ðl0↑ ¼ l0↓Þ, in agree-
ment with the experiments of Ref. [5]. The MFP for spin-up
electrons, l0↑, jumps from 15 nm to 4–7 μm at the AF → F
transition, while l0↓ remains around 10 nm.
To get a better understanding of the underlying physics,

we plot selected scattering rates in Fig. 2, and the MFP lm in
each channel of the F state in Fig. 4(d). In the AF state, the
group velocity v is vanishingly small near the conduction
band minimum. The backscattering by long wavelength
acoustic phonons is enhanced by the large ð∝ 1=jvjÞ
density of final states with positive and negative group
velocities, so that both v and τ become limited in the MFP
l≡ jvjτ. In the F state, the two spin-down bands that are
almost degenerate at large jkj are localized edge states
[Fig. 2(b1), and Fig. 5 of the Supplemental Material [28]].
This considerably strengthens the interactions with the
family of “breathinglike” phonon modes whose amplitude
is maximal but opposite at the two edges. These two
channels are, therefore, characterized by very small MFPs

(of the order of 1 nm). Although the third spin-down
channel is far less localized and more dispersive (larger v),
the carriers get rapidly scattered to the former two edge
channels by the breathing modes [Fig. 2(b2)], which limits
the MFP to ∼100 nm. The value of l0↓ discussed above is,
therefore, an average over three channels with very distinct
MFPs. The electrons in the very dispersive spin-up channel
remain weakly coupled to phonons because there is no
other channel to scatter to for majority spins, and because
k → −k backscattering, which is dominated by the con-
fined K phonons of graphene, is unlikely. We conclude that
the transport in the F state is ballistic for the majority spin
and diffusive for the minority spin in a wide range of GNR
lengths L ≈ 100–1000 nm.
The magnetic-phase transitions are therefore accompa-

nied by sudden variations of the spin currents [Fig. 4(c)]. In
the AF state, the conductivities σ↑ and σ↓ are equal because
the two opposite edges of the GNR carry the same current
but with opposite spins. In the F state, the diffusive spin
filtering factor, defined as ðσ↑ − σ↓Þ=ðσ↑ þ σ↓Þ, is positive
and reaches≃99%. The transport in the diffusive regime is,
therefore, dominated by (majority) spin-up electrons. On
the contrary, the ballistic spin filtering factor, defined as
ðGb↑ − Gb↓Þ=ðGb↑ þGb↓Þ, is negative because there are
three spin-down channels [Gb↓ ≈ 3e2=h, Figs. 4(c) and
4(d)], but only one spin-up channel (Gb↑ ¼ e2=h). In other
words, the spin-down electron current prevails in short
GNR devices but vanishes in long enough ones.
Similar behaviors are predicted in chiral GNRs with

chiral angles between 0° (zigzag) and 19.1° (Figs. 9 and 10
in the Supplemental Material [28]). Huge variations of the
carrier mobility come again with magnetic state transitions.
So far, the experiments on lithographically patterned

GNRs report mobilities ranging from 100 to
3500 cm2=V=s [4–6,15–19] for n2D ≃ 1012 cm−2, much
lower than in graphene (105 cm2=V=s) [2,30,31]. Of
course, these low mobilities may be due to, e.g., defects
or disorder at the GNR edges. However, our results show
that an intrinsic factor, the magnetic state of the GNR, also
plays an important role. In a 10-nm-wide zigzag GNR, the
mobility at n2D ∼ 2.5 × 1012 cm−2 varies by a factor of 30
at the AF → F transition (Fig. 7 in the Supplemental
Material [28]). If the GNR edges are strongly disordered,
fluctuations of the magnetic state along the ribbon might,
however, scatter the carriers.
In contrast to lithographically patterned GNRs, excellent

transport properties have been reported in 40-nm-wide
epitaxial GNRs with nearly zigzag edges [20]. The mea-
sured conductance is G≃ 2G0 in short GNRs with lengths
0.1 < L≲ 0.16 μm, and G≃G0 in long GNRs with
lengths 1≲ L≲ 16 μm. Our calculations, pushed at their
limits, show that a 40-nm-wide GNR is stabilized in the F
state at realistic carrier densities (see the Supplemental
Material [28]). Our results support many important con-
clusions of Ref. [20]—in particular, that the transport is

FIG. 3. Mobility and magnetoelectronic state versus ribbon
width in zigzag GNRs (n2D ¼ 2.9 × 1012 cm−2, T ¼ 300 K).
(a) Band gap (blue squares) and total magnetization per unit cell
(red dots). Experimental data (green error bars) are from Ref. [24].
(b) Carrier mobility. The green solid line is the mobility in
graphene. The magnetic state (MS) is indicated using the same
symbols as in Fig. 1.
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dominated by two channels with very distinct behaviors.
Since the experimental GNRs are longer than 100 nm, the
two spin-down channels with the shortest MFPs shall
indeed be completely turned off. The experimental trans-
port length scales, L1 ¼ 160 nm and L2 ¼ 16 μm, are
comparable to the MFPs calculated in the 40-nm-wide
GNR for the remaining minority- and majority-spin chan-
nel (Fig. 8 in the Supplemental Material [28]). The
measured conductance (G), however, decays exponentially
between theG ¼ 2G0,G ¼ G0, andG ¼ 0 plateaus, which
is the fingerprint of a nondiffusive transport regime. We
emphasize that the coupling to phonons is so weak in these
two channels that the transport might indeed become
nondiffusive in the presence of additional elastic scattering.
However, the ratio between the MFPs shall remain repre-
sentative of the characteristic length scales in these two
channels. Whatever the disorder, the majority-spin elec-
trons in particular cannot scatter to the edge states due to
spin blocking, in contrast to minority-spin electrons. We
therefore suggest that the current is not spin polarized on
the 2G0 plateau measured in short GNRs (two channels
with opposite spins), while the minority spin-down elec-
trons are filtered out on the G0 plateau measured in long

GNRs. These efficient spin-filtering properties could be
nicely exploited in spintronic devices.
In summary, our results demonstrate that a GNR field-

effect transistor can switch from an on state in a ballistic
regime (high carrier density, F state, spin-polarized current)
to an intermediate state in a diffusive regime (lower carrier
density, low mobility, AF state), and then to an off state in a
depleted regime allowed by the presence of a gap in the AF
state. In the F state, the system can be described by a three-
current model in which the channel for majority-spin
carriers has a MFP in the micrometer range, and the
channels for minority-spin carriers have MFPs in the 1
to 100 nm range. This unusual behavior, combined with the
small spin-orbit coupling of carbon [2], confirms that
GNRs are very promising for spintronic applications
[8–14].
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FIG. 4. Mobility, conductance, spin polarization, and MFP in zigzag GNRs (W ¼ 5 nm, T ¼ 300 K). (a) Carrier mobility (blue
squares) and band gap (red dots) versus n2D. (b) MFP l0 (blue) and ballistic conductance Gb (red) versus n2D, for each spin. (c) Ballistic
½ðGb↑ − Gb↓Þ=ðGb↑ þGb↓Þ� (red dots) and diffusive ½ðσ↑ − σ↓Þ=ðσ↑ þ σ↓Þ� (blue squares) spin filtering factor versus n2D. (d) Band
structure and MFP lm in each band as a function of energy, at n2D ¼ 20 × 1012 cm−2. The magnetic state (MS) is indicated using the
same symbols as in Fig. 1.
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